Applied Energy 102 (2013) 827-832 



Contents lists available at SciVerse ScienceDirect 

Applied Energy 

il homepage: www.elsevier.com/locate/apenergy 


Effects of moisture content, torrefaction temperature, and die temperature in 
pilot scale pelletizing of torrefied Norway spruce 

Sylvia H. Larsson 3 *, Magnus Rudolfsson 3 , Martin Nordwaeger b , Ingemar 01ofsson b , Robert Samuelsson 3 

1 Swedish University of Agricultural Sciences, Unit of Biomass Technology and Chemistry, SE-901 83 Limed, Sweden 
b Energy Technology and Thermal Process Chemistry, Umea University, SE-901 87 Limed, Sweden 


HIGHLIGHTS 


► Energy consumption in pelletizing of torrefied spruce is double as that for softwood. 

► Pellet production rate showed a strong positive correlation with die temperature. 

► Water addition worsened material flow properties severely. 

► The amount of fines in pilot scale pelletizing of torrefied spruce was 10-30%. 

► Bulk density of torrefied pellets was comparable to softwood pellets. 
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Pilot scale pelletizing of torrefied Norway spruce was performed in a factorial design with controlled fac¬ 
tors at two levels: material moisture content (11% and 15%) and torrefaction temperature (270 and 
300 °C), and die temperature as an uncontrolled factor (60-105 °C). Compared to commercial wood pel¬ 
lets, produced pellets had comparable bulk densities (630-710 kg/m 3 ) but lower pellet durability (80- 
90%). Energy consumption for pelletizing of torrefied materials was approximately 100% higher than 
for softwood pelletizing, despite using a much shorter die channel length (35 vs. 55 mm:s), and the 
amounts of fines were high (10-30%). Die temperature showed a strong positive correlation with pellet 
production rate. Material moisture content had little influence on pellet quality and production rate, but 
addition of water created handling problems due to bad flow behavior. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

Due to superior handling characteristics compared to untreated 
biomass, wood pellets have become a world-wide trading com¬ 
modity [1], Pelletizing increases the energy density and improves 
the handling properties and the biofuel pellets can be used as en¬ 
ergy carrier for a variety of conversion processes. 

A major factor in biomass pelletizing is material moisture con¬ 
tent [2], The general functions of moisture when pelletizing ther¬ 
mally untreated biomasses are (i) process related - moisture is 
negatively correlated to wall friction/energy consumption [3,4] 
and (ii) pellet quality related - moisture is crucial for the binding 
properties of the compressed biomass and each pellet quality 
response is maximized at an optimum moisture content [5]. In 
practice, material moisture content is a versatile process parameter 
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that is adjusted towards a minimum process friction that still 
maintains high enough pellet quality. 

In single pelletizing studies, die temperature is negatively cor¬ 
related to energy consumption and positively correlated to pellet 
density and hardness [4], However, in ring die pelletizing, die 
temperature can be considered both as a factor - effecting energy 
consumption and pellet quality, and a response - as an effect of 
material properties and other process parameters. 

Torrefaction is a pre-treatment method where biomass is 
heated to temperatures of 200-300 °C in inert atmosphere and 
the desired result is a material with low moisture content, high 
energy density and better grinding properties [6,7], 

In single pelletizing of spruce and torrefied spruce, much higher 
forces were required to push pellets formed from torrefied materi¬ 
als through the die, and the pellets formed from torrefied materials 
showed substantially lower compression strengths [8], Ring die 
pelletizing of torrefied materials has been performed by commer¬ 
cial or semi-commercial actors [9,10], but information on settings, 
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process conditions, and pellet quality has not, to our knowledge, 
been published anywhere. 

Prior to the present study, a few initial tests were performed for 
processing of various less well-defined torrefied materials. Pelletiz¬ 
ing was performed using the pilot scale ring die pelletizer infra¬ 
structure at the Biofuel Technology Centre, Umea, Sweden, where 
experience of various thermally untreated materials have been 
gained in previous studies, e.g. [5,11-13], The main experience 
from initial tests with torrefied material was that, compared to un¬ 
treated biomass, torrefied material required extremely high energy 
input, and that the amount of fines in the pellet production was 
unusually high. From these experiences the choice of settings in 
the present study were: the shortest available die channel length 
and material moisture contents at medium to high levels with ref¬ 
erence to pellet production from thermally untreated wood. To 
reach desired material moisture contents, water was added to 
the milled torrefied material. The reasoning behind water addition 
was based on the previously described lubricating and particle 
bonding effects of water in biomass pelletizing process. 

The present study is the first to systematically present process 
settings and conditions, pellet quality, and process performance 
in pilot scale ring die pelletizing of torrefied material. The objec¬ 
tives of the study was (1) to evaluate the influence of moisture con¬ 
tent, torrefaction temperature, and die temperature on production 
rate and pellet quality parameters (bulk density, mechanical 
durability, and amount of fines) and (2) to spread knowledge on 
non-modeled measurements and experiences of process perfor¬ 
mance in ring die pelletizing of torrefied materials. 


2. Materials and methods 

2.1. Material 

Norway spruce (Picea abies L.H. Karst) was chipped, sieved to a 
thickness below 10 mm, chips smaller than 8 x 8 mm was re¬ 
moved, and remaining chips was completely dried at 105 °C before 
torrefaction. Torrefaction was performed using a pilot scale torre¬ 
faction equipment (BioEndev, Umea, Sweden) with a maximum 
capacity of 20 kg/h. The torrefaction setup is an electrical heated 
rotary drum in a continuous operating mode where rotary vane 
feeders in combination with a small nitrogen flow ensure an 


oxygen free atmosphere. The volatiles formed in the process are 
combusted in a gas burner. The rotation speed of the drum, which 
has a shaftless screw fixed on the inside, decides the residence 
time of the biomass and the electric heaters are controlling the 
temperature. For this study, two types of materials were produced 
at torrefaction temperatures of 270 °C and 300 °C and both at a res¬ 
idence time of 16.5 min. The torrefaction settings were chosen 
after initial screening studies in order to produce one light and 
one more severe torrefied biomass to enable a wide range of com¬ 
paction properties without extremes. Further, a short residence 
time with corresponding high temperature was preferred to 
increase production rate. Torrefaction temperature was defined 
as the biomass surface temperature which was measured at the 
end of rotary drum with an IR-thermometer. Residence time was 
defined as the time the biomass was inside the rotary drum. Mass 
yield and energy yield was expressed on dry and ash free basis. 
Mass yield was measured on dry basis and during steady state 
conditions. See Table 1 for the torrefaction settings, chemical com¬ 
position of the torrefied materials, lignin, cellulose, hemicellulose, 
extractives, and mass yields. 

Cellulose consists only of glucose but part of the determined 
content of glucose is originating from hemicellulose. Mannose is 
only found in hemicellulose and in softwoods is mannose found 
in the ratio approximately 3:1 to glucose [14,15], Therefore man¬ 
nose was used as reference to determine the amount of glucose 
originating from cellulose. Cellulose content was thereby calcu¬ 
lated by subtracting 1 /3 of the mannose from the total amount of 
glucose. The amount of hemicellulose was calculated as the sum 
of arabinose, galactose, mannose, xylose and the remaining glu¬ 
cose. The xylose and arabinose amounts were multiplied by 1.05 
to include compounds that degraded during the analysis. The 
method for lignin analysis is applied for determination of acid- 
insoluble lignin in wood and for all grades of unbleached pulps. 
However, when analyzing thermally treated biomass the degraded 
acid-insoluble components may be incorrectly determined as lig¬ 
nin. Thus, in Table 1, degraded components are specified together 
with lignin. The compounds were normalized to 100% by propor¬ 
tionally increasing cellulose and hemicellulose. 

Torrefied wood chips were hammer milled (Vertica Hammer 
Mill DFZK-1, Biihler AG, Uzwil, Switzerland), screen size: 6 mm. 
After hammer milling, material moisture content was approxi¬ 
mately 2%. For each point in the experimental design, 300 kg of 


Table 1 

Chemical composition of the torrefied materials (both with a torrefaction time of 16.5 min). DM = Dry Matter, DM in = Dry matter of raw material, LHV dIy = Lower Heating Value 
on dry basis, HHV daf = Higher Heating Value on dry and ash free basis, jj mdaf = mass yield on dry and ash free basis, t/ E daf = energy yield on dry and ash free basis. 


Term/name 

Torrefaction settings 

Torrefaction residence time 

Fuel analysis 

LHV dIy 

HHV daf 

C 

H 

N 


Ash (550 °C) 

Volatile matter 
Lignin 

Hemicellulose 
Acetone extractives 
Process/product analysis 



Analysis method Raw spruce Torrefied spruce 


Torrefied spruce Unit 


270 300 °C 

16.5 16.5 min 


SS-EN 14918 18.9 

SS-EN 14918 20.3 

SS-EN 15104 50.4 

SS-EN 15104 6.2 

SS-EN 15104 0.1 

SS-EN 15289 <0.01 

Calculated 43.1 

SS-EN 14775 0.3 

SS-EN 15148 85.4 

Tappi T 222 om-98 275 [275] 

SCAN-CM 71:09 444 [444] 

SCAN-CM 71:09 269 [269] 

SCAN-CM 49:03 13 [13] 


19.7 

52.5 


<0.01 

41.2 

0.3 

82.5 

331 a [308 a ] 
449 [417] 
201 [187] 
19 [17] 


21.0 

22.5 

56.0 

5.9 

<0.1 

<0.01 

37.7 


MJ/kg DM 

M]/kg daf 

% DM 

% D M 

* DM 

%DM 


75.4 % DM 

465 a [349 a ] g/kg DM (g/kg DM , in ) 

462 [347] g/kg DM (g/kg DM , in ) 

44 [33] g/kgDM (g/kgDM,in) 

29 [22] g/kgDM (g/kgDM.in) 


93 75 %DM.i, 

97 83 %DM,ii 


Lignin + degraded components. 
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material was prepared. Moisture contents were adjusted according 
to the experimental design in a screw blender by adding water 
during mixing. 

2.2. Experimental setup 

Pelletizing experiments were performed using a Biihler DPCB 
pelletizer (Biihler AG, Uzwil, Switzerland), with rotating die and 
a maximum softwood pellet production capacity of approximately 
500 kg/h. A die with compression channel length of 35 mm and 
channel diameter of 8 mm, i.e. length/diameter ratio: 4.4, was used 
in all experiments. During pelletizing, the pelletizer motor current 
was continuously adjusted towards a constant set point of 100 A. 
The pelletizer has a maximum allowed pelletizer current of 
150 A, before the motor circuit breaker stops the engine. 

2.3. Experimental design 

Controllable factors for the experimental design were material 
moisture content (%, wet base) and torrefaction temperature (°C). 
Fixed levels were chosen at 11 % and 15% for material moisture con¬ 
tent and 270 and 300 °C for torrefaction temperature. This resulted 
in a 2 x 2 factorial design. Three out of four settings were run in 
duplicates, and thus, the total number of runs was 2 x 2 + 3 = 7. 
Die temperature (°C) was added as a third, uncontrollable factor. 
Because of the nature of the feedstock, exact level settings were 
not achieved, and thus, factors could not be coded at -1 and 1. In¬ 
stead, range scaling [16] was used. Studied responses were; 
amount of fines (%), pellet bulk density (kg/m 3 ), pellet durability 
(%), and production rate (kg pellets/h). 

2.4. Data collection; measurements of factors and responses 

For each experimental run, milled material samples were taken 
in triplicates from a falling stream for moisture content and bulk 
density analyses and immediately sealed in plastic bags. During 
each experimental run, duplicates or triplicates of hot pellet sam¬ 
ples were taken for moisture content analysis just as they came 
out of the die and immediately sealed in plastic bags. 

The beginning of each pelletizing run was characterized by high 
fines/pellet ratio and by variable pelletizer motor current for a per¬ 
iod of approximately 10 min. Sampling begun when pelletizing had 
stabilized into what from experience was regarded as a satisfactory 
production pattern where pellets were produced continuously and 
less than one third of the material coming out of the die was con¬ 
sidered as fines. The experimental runs were divided into one min¬ 
ute long measurement periods. For each measurement period, the 
amount of produced pellets were collected and weighed. Collected 
pellet samples were left overnight to cool in open containers, and 
then sealed in plastic bags until further analysis (moisture content 
and pellet quality analyses). 

Only samples from measurement periods with an average mo¬ 
tor current within the range of 100 ± 10 A were considered for fur¬ 
ther analyses. Out of these, measurement periods with 
distinctively large variability in motor current (compared to the 
range within the same run) were discarded. From the remaining, 
three measurement periods were chosen at the beginning, middle, 
and end of each run. This procedure was chosen to minimize influ¬ 
ences of discontinuous material feeding and to, for every run, en¬ 
sure the widest possible spread in die temperature. For one of 
the runs, only two measurement periods passed the abovemen- 
tioned procedure, and thus, the total number of measurement peri¬ 
ods for modeling was (3 x 7) - 1 = 20. 

Die temperatures were measured continuously (1 FIz) with a 
fixed IR sensor (Optris CT LT 15:1, Optris GmbH, Berlin, Germany) 
directed towards the rotating die. Pelletizer motor current signals 


were gathered from the pelletizer’s information system. Pellet 
temperatures were measured with a hand held IR thermometer 
(Optris CT laser 75:1, Optris GmbH, Berlin, Germany) directed to¬ 
wards the pellets when they left the 4 m long conveyor belt imme¬ 
diately after coming out of the die. However, pellet temperature 
measurements were only taken for three of the runs. Die tempera¬ 
ture, pelletizer motor current, and pellet temperature (when ap¬ 
plied) were logged continuously (1 Hz) with a data logger (PC- 
logger 3100i, Intab Interface-teknik AB, Stenkullen, Sweden). 

Moisture content analyses for determining milled material 
moisture content, hot pellet moisture content, and cool pellet 
moisture content, were performed according to the CEN standard 
[17] by drying the samples overnight at 105 °C in a drying cabinet. 
Mean values of the triplicate measurements of milled material 
moisture content for each run were used for modeling. The con¬ 
tents of fines produced in the pelletizing process were quantified 
by manual sieving of pellet samples through a 3.15 mm sieve, 
and calculated as the percentage of the loss of the fine material 
to the total sample weight. Pellet production rates were measured 
by weighing all pellets produced during a one minute measure¬ 
ment period after the amount of fines had been sieved off. Milled 
material density and pellet bulk density were determined accord¬ 
ing to the CEN standard [18] by overfilling and tapping a cylindrical 
bucket with a known volume three times before leveling the sam¬ 
ple surface with a board using a zigzag movement followed by 
sample weighing. Milled material and pellet samples with a large 
enough volume were analyzed using a 5.4 L cylindrical bucket 
and pellet samples with a smaller volume were analyzed using a 
2.2 L bucket with a similar height/width ratio. Mechanical durabil¬ 
ity of pellets was measured by use of a pellet tester (Q-tester, Si¬ 
mon Heesen BV, Netherlands) according to the CEN standard [19] 
where 500 g of pellets is tumbled for 10 min. After treatment, the 
sample is sieved using a 3.15 mm sieve and the weight percentage 
of the original pellet sample that does not pass the sieve is used as 
a measure of mechanical durability. 

2.5. Data evaluation and modeling 

For each response, a multiple linear regression (MLR) model 
was created from range scaled x-variables, making it possible to di¬ 
rectly compare regression coefficients from different factors. Mod¬ 
eling and statistical evaluation was done in the software MODDE 
9.0 [20], This software was also used in the design of the experi¬ 
ments. All values were scaled and centered before evaluation. 
Leave-one-out cross-validation was used to calculate the residual 
for each validation round. The different multivariate models were 
then evaluated using the coefficient of multiple determinations 
(02) according to Myers [21], The 02 value expresses how much 
of the variance in the response variable that can be predicted 
and can at best be 1 and a value of 0 indicate no predictive capabil¬ 
ity at all. The number of factors used in the models was determined 
by optimization of 02 according to the following procedure: For 
each response, a model was created from all factors, squared fac¬ 
tors and interactions of torrefaction temperature (°C), material 
moisture content (%), and die temperature (°C). Non-significant 
terms were deleted from the model until a maximum value for 
02 was obtained. 

Modeled responses in the design were fines (%), bulk density 
(kg/m 3 ), mechanical durability (%), and pellet production (kg pel¬ 
lets/h). The models were also verified by calculating the root mean 
square error of cross-validation (RMSECV), using the following 
formula: 


. E(y° bs -y pred ) 2 
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where y obs were the observed responses, y pred the predicted re¬ 
sponses obtained from leave-one-out cross-validation, and n was 
the number of observations. 

3. Results and discussion 

Achieved factor settings and measured responses for the 20 
experimental measurement periods of pilot scale pelletizing are 
shown in Table 2. Fines (%), pellet durability (%), pellet bulk density 
(kg/m 3 ), and pellet production rate (kg/h) were modeled from the 
range scaled factors and interaction terms of material moisture 
content (Moi), torrefaction temperature (Tor), and die temperature 
(Die). The fraction of the variation of the response predicted by the 
model according to cross validation, Q2, was high for pellet bulk 
density and pellet production rate models, fair for the fines model, 
and poor for the pellet durability model (Table 3). Values for the 
coefficient of determination (R2) confirm this pattern. Also, the 
root mean squared error of cross-validation (RMSECV) gives a hint 
of the magnitude of the models’ prediction errors in response units. 
Die temperature was the most influential factor for both bulk 
density and pellet production rate (Fig. 1). Die temperature 
correlated negatively to bulk density, and positively to pellet 
production rate. The amount of fines was negatively correlated to 
material moisture content and torrefaction temperature. 
Mechanical durability of produced pellets could not be modeled 
satisfactory. All three factors showed weak positive correlations 
with pellet durability. 

Bulk densities for milled materials and produced pellets varied 
between 191 and 206 kg/m 3 , and 630 and 713 kg/m 3 , respectively. 
Energy density of produced pellets ranged from 12.3 GJ/m 3 (aver¬ 
age of 270-11 setting) to 14.7 GJ/m 3 (average of B300-15 setting). 
For comparison, the energy density for Swedish wood pellets vary 
within the range of 9.7 and 11.3 GJ/m 3 [22] Production capacities 
varied between 147 and 332 kg/h at a constant motor current level 
of 100 ± 10 A (corresponding to total 44 ± 4 kW, where of 22 kW 
required for idle running). Lowest and highest production rates 
were observed at the 300-11 and 270-15 settings, respectively. 


Pellet production rates increased with increasing die tempera¬ 
tures at all settings. Pellet bulk density and pellet production rates 
showed opposite signs in their process parameter correlations 
(Fig. 1). Data collection for each experimental setting started at a 
low die temperature level. At low die temperatures, production 
rates were low and a high energy input was required for the pellet¬ 
izing process but pellets with high bulk densities were produced. 
As the die temperature increased, production rates increased and 
lower bulk densities were achieved. A probable explanation to this 
is that higher die temperatures resulted in less resistance in the 
pelletizing process due to lower friction and/or softening of the 
material, and that lower compaction forces were applied to the 
material. The amount of fines was lowered with increasing die 
temperatures, and a higher share of pellets compared to fines fur¬ 
ther increased the production rate. For the 300-11 setting, pellet 
production rate increased from 147 to 202 kg/h when the die tem¬ 
perature increased from 60 to 105 °C. Die temperatures could not 
be controlled, and thus, recorded die temperatures varied from 
58 to 105 °C in the 300-11 and 300-15 settings, and from 78 to 
96 °C for the 270-11 and 270-15 settings. Thus, model uncertain¬ 
ties are high in the extreme die temperature (low and high) areas 
for the 270 settings. 

Typical softwood (pine-spruce-blend) pellet production data 
was compared with production data from the 300 settings. Soft¬ 
wood pelletizing was done using the same pelletizer (but with 
55 mm die channels) at the same production rate (200 kg/h) and 
resulted in similar pellet bulk densities (680-690 kg/m 3 ). Softwood 
pelletizing required a total motor effect of 33 kW, compared to 
44 kW for torrefied materials. After subtraction of the idle running 
power of 22 kW, the specific pelletizing effect required for the torr¬ 
efied materials was 100% higher compared to softwood pelletizing 
(22 kW compared to 11 kW). This suggests that a die channel 
length/width ratio of 35/8 mm (i.e. 4.4) is too high and might be 
inappropriate for pelletizing of torrefied materials with 300 setting 
characteristics. 

Measured amounts of fines varied between 10% and 32%. The 
highest amounts of fines were produced at the 270-11 setting. A 


Table 2 


Achieved factor ■ 

settings and me. 

isured responses 

for pelletiz 

ing. 95% Confidence intervals of mear 

t values withir 

i brackets. 




Experiment 

Factors 



Modeled responses 



Responses no 

t used for model 

ing 


Torrefaction 

temperature 

m 

Milled 

content (%) 

Die 

temperatu 

(°C) 

Fines 
re (%) 

durability 

(%) 

bulk 

(kg/m 3 ) 

rate (kg/h) 

Milled 

material 

(kg/m 3 ) 

Pellet 

temperature 

(°C) 

Hot pellet 

(%) 

content 

(%) 

A270-ll:l 

270 

11.0 (0.0) 

82.8 

31.5 

83.4 

648 

257 

206 (3.1) 

_ 

4.7 (0.7) 

4.4 

A270-ll:2 



83.6 

30.9 

80.4 

652 

264 




4.4 

A270-ll:3 



85.0 

32.3 

80.0 

648 

262 




3.9 

A270-15:l 

270 

15.0 (0.2) 

78.1 

16.9 

84.2 

676 

220 

191 (3.9) 


53 (0.5) 

3.9 

A270-15:2 



86.3 

10.0 

87.2 

656 

272 




4.2 

A270-15:3 



96.4 

10.5 

88.5 

630 

332 


- 


5.0 

A300-ll:l 

300 

10.6 (0.1) 

91.9 

21.3 

86.1 

691 

175 

193 (0.9) 

_ 

_ 

0.6 

A300-ll:2 



94.7 

14.9 

86.7 

691 

176 




0.6 

A300-ll:3 



105.4 

15.5 

87.0 

683 

202 




1.1 

A300-15:l 

300 

14.5 (0.1) 

58.2 

14.6 

88.3 

711 

168 

203 (2.9) 

_ 

2.2 (0.7) 

1.1 

A300-15:2 



86.0 

11.7 

89.7 

683 

226 


- 


0.8 

A300-15:3 



92.0 

13.6 

85.7 

683 

244 


- 


0.9 

B300-ll:l 

300 

10.4 (0.3) 

59.8 

16.7 

82.8 

691 

147 

Same as 

152 

0.2 (-) 

0.8 

B300-ll:2 



73.2 

12.7 

85.5 

691 

181 

A300-11 

155 


0.6 

B300-ll:3 



81.9 

12.5 

85.9 

678 

182 


164 


0.6 

B300-15:l 

300 

14.6 (0.1) 

66.2 

15.0 

88.2 

713 

185 

Same as 

135 

1.3 (1.0) 

1.7 

B300-15:2 



68.9 

11.8 

90.3 

711 

180 

A300-15 

140 


1.6 

B270-15:l 

270 

14.9 (0.1) 

82.4 

22.0 

83.3 

648 

212 

Same as 

109 

53 (0.7) 

3.5 

B270-15:2 



84.3 

13.7 

86.6 

670 

274 

A270-15 

109 


3.1 

B270-15:3 



84.9 

15.1 

83.6 

652 

242 


109 


4.3 


- Missing value. 
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R2 0.87 0.74 0.94 0.95 

Q2 0.76 0.55 0.89 0.89 

RMSECV 0.55% 0.31% 1.3 kg/m 3 2.4kg/h 


general figure for fines in softwood pelletizing is <5%. Pellet dura¬ 
bility ranged from 80-90%. In commercial softwood pelletizing, 
pellet durability is >95%. Fines are generally negatively correlated 
to pellet durability, and also in this study settings with lower dura¬ 
bility had larger amounts of fines. Fines and durability are both 
measures of the bonding properties of the pelletized materials. In 
pelletizing of thermally untreated biomass, water molecules act 
like bridges that bind active groups in the lignocellulosic molecules 
at the surfaces of the biomass particles together [5,23], Thermally 
untreated biomasses show moisture content optima for maximum 
durability when the amount of water molecules matches the avail¬ 
able bonding sites on the lignocellulosic molecules on that partic¬ 
ular feedstock [5], Hence, high amounts of fines and low durability 
are symptoms of too low moisture content in the material. At too 
high moisture contents, other problems such as low bulk density 
and feeding problems take overhand, before low durability and 
fines becomes an issue. The amount of fines for the 270 settings 
showed high dependence on material moisture content, whereas 
the 300 settings did not. However, the corresponding pattern could 
not be seen for pellet durability. Both 270 and 300 settings showed 


positive correlations between moisture content and pellet 
durability. 

Compared to untreated spruce, torrefied materials had much 
lower hemicellulose contents (Table 1). Furthermore, material 
torrefied at 300 °C had much lower hemicelluloses content com¬ 
pared to material treated at 270 °C. Of the wood components hemi¬ 
cellulose, cellulose, and lignin, hemicellulose has the greatest 
capacity for water sorption [24], Equilibrium moisture contents 
(EMC:s) of torrefied materials are negatively correlated to torrefac- 
tion temperature [25], Hence, elevated torrefaction temperatures 
renders in increasingly hydrophobic behavior. Also, materials that 
are thermally treated at different temperatures show differences in 
EMC for moisture that is bonded/adsorbed, whereas no differences 
are found for non-adsorbed/free moisture uptake [25], Handling 
problems evolved with the torrefied materials, in particular with 
material from the 300 settings. Most probably, added water was 
just to a small extent adsorbed in this material but existed pre¬ 
dominantly as liquid free water. This created handling problems, 
where materials were extremely difficult to get to flow through 
the conveyor system and feeding of the pelletizer was repeatedly 
interrupted because of the materials’ bridging tendencies. Coal 
powders exhibit the same behavior of decreasing flowability with 
increasing moisture contents and abundance of free water particu¬ 
larly worsens the case [26], Milled material from the 300-15 set¬ 
ting was the most difficult to handle, and had a structure similar 
to commercial flower potting soil. 

Mean pellet temperatures for pellets coming out of the die (at 
the end of the 4 meter long conveyor belt) was 109 °C for the 
270-15, 138 °C for the 300-15, and 157 °C for the 300-11 settings 
(no pellet temperature measurements were taken for the 270-11 
setting). Some single pellets were smoking hot as they lay on the 
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conveyor belt. Pellet moisture contents after cooling varied be¬ 
tween 0.6 and 5.0%. Hot pellets (just coming out of the die) with 
moisture contents below 2% increased their moisture contents dur¬ 
ing cooling, whereas moisture contents of hot pellets with m.c. >2% 
decreased during cooling. The decrease in moisture content in %- 
units from ingoing material to outgoing pellets after cooling was 
6.7% for the 270-11, 9.7% for the 300-11, 11.0% for the 270-15, 
and 13.3% for the 300-15 settings. Cool pellets produced from 
270 settings had moisture contents ranging from 3.1 to 5%, 
whereas the 300 settings gave pellet moisture contents around 
0.6-1.7%. Thus, pellet moisture contents were decided by torrefac- 
tion temperatures, and not by ingoing material moisture contents. 

This study shows that the common practice in pelletizing of 
thermally untreated biomass, using water to decrease energy con¬ 
sumption and to improve bonding properties, is not applicable in 
pelletizing of torrefied materials. To decrease energy consumption 
and improve pellet quality in pelletizing of torrefied materials, 
other process alterations and/or additives will have to be used. Re¬ 
sults from this study show that working at high die temperatures is 
a promising alternative. 

4. Conclusions 

In pilot scale pelletizing of torrefied Norway spruce, energy con¬ 
sumption was approximately 100% higher compared to softwood 
pelletizing, and the amounts of fines were high. The quality of 
the produced pellets was comparable to (bulk density) or lower 
than (durability) commercial softwood pellets. Pellet production 
rate increased considerably with increasing die temperature. Addi¬ 
tion of water to the milled torrefied material did not decrease en¬ 
ergy consumption or improve pellet quality, but instead, severely 
worsened the flow behavior. Further studies are needed for devel¬ 
opment of pelletizing technologies suitable for thermally treated 
biomass. 
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